The effective interactions which violate a lepton flavor accompanied with neutrinos (nLFV) are considered. Such a new physics effect is expected to be measured in future neutrino oscillation experiments with long baseline. They are induced by radiative correction in the framework of the minimal supersymmetric standard model with right-handed neutrinos. We numerically evaluate the size of the couplings for nLFV interactions in this framework. The slepton mixing is not only the origin of the lepton flavor violation in the charged lepton sector (cLFV) but also that of the nLFV. We find that the nLFV couplings are strongly correlated with the corresponding cLFV process, and they are constrained at O(10 −5 ) times smaller than the standard four-Fermi couplings.
I. INTRODUCTION
Numerous observations on neutrinos from the sun [1, 2, 3, 4, 5, 6] , the atmosphere [7, 8, 9] , the reactor [10] , and the accelerator [11] suggest that neutrinos are massive and hence there are mixings in the lepton sector. This fact means that the standard model (SM) has to be extended so that the neutrino masses and the lepton mixings are introduced into the model. Lots of models to explain those experimental results have been proposed. Among them, a model with the seesaw mechanism [12] has a promising attribute, in which tiny neutrino masses are naturally induced. Neutrino experiments also have revealed that the mixings in the lepton sector are much larger than those in the quark sector. This fact may imply that the lepton flavor number is strongly violated in the physics beyond the SM. Therefore, we can expect that the nature might exhibit sizable lepton flavor violation (LFV) and hence we could observe the remains of physics at the high energy scale. In the minimal supersymmetric standard model with heavy right-handed neutrinos (MSSMRN), in which the seesaw mechanism is realized, the LFV with charged leptons (cLFV) is expected to become large [13, 14, 15] . In this class of models, the renormalization effect due to the neutrino Yukawa couplings induces a significant size of off-diagonal elements of the slepton mass matrix, (m 2 L ) β α (α = β, α, β = e, µ, τ ), which are the seeds of the cLFV. Here, the flavor indices α and β should be understood to also indicate the mass eigenstates of the charged lepton fields. Concretely, the superpotential with the neutrino Yukawa couplings (f ν ) i α and the Majorana masses for the right-handed neutrinos M ij includes the following terms,
where N i , L α , and H u denote the chiral supermultiplet for the right-handed neutrinos, that for the lepton doublets, and that for the up-type Higgs field, and ǫ is the anti-symmetric tensor for SU(2) L fundamental representation. The indices i and j are for the generation of right-handed neutrinos, which do not necessarily indicate the mass eigenstates. The renormalization group equation for the off-diagonal elements of the slepton mass matrix is given as [13] , 
with a cutoff scale M G and a typical mass scale for right-handed neutrinos M R . Here, the universal soft SUSY breaking at M G is assumed, and m 0 is the parameter for sfermion masses and a 0 is that for scalar tri-linear couplings. In terms of the mass insertion method, we can see that the off-diagonal elements of the slepton mass matrix are the origins of cLFV. This is diagrammatically shown in Fig. 1 . From this diagram, it is obvious that the element (∆m 2 L ) β α is relevant to the process l β → l α γ. In this class of models, the off-diagonal elements can become large so that the typical values of predicted branching ratios are within a sensitivity reach of near future experiments [16, 17, 18] . Therefore, the search for the cLFV process is one of the promising ways to inspect the new physics effect beyond the SM.
In this article, however, we investigate an alternative approach to explore the LFV, the search for the processes of the LFV with neutrinos (nLFV) at a long baseline (LBL) neutrino oscillation experiment. In the forthcoming experiments, the oscillation parameters such as the mixing angles and the squared mass differences are expected to be determined with high precision [19, 20, 21] . Therefore, the measurement of nLFV effects might be possible.
The feasibility studies on the nLFV interaction search at future LBL experiments without assuming a specific model are made by Refs. [22, 23, 24, 25, 26, 27, 28, 29, 30, 31] . The current experimental bounds on nLFV interactions are given in Ref. [32] . The sensitivity for nLFV effects to solar neutrinos [33] , atmospheric neutrinos [34] , the LSND results [35] and supernova neutrinos [36] has also been considered. It is pointed out that the nLFV signal is enhanced by the interference effect between the amplitude including the nLFV interactions and that of the standard oscillation (SO).
We here investigate the nLFV interactions in the MSSMRN 1 . The origins of nLFV processes are the same as those of cLFV processes, which are the off-diagonal elements of the slepton mass matrix. They can become significant in this framework. In addition, there is an enhancement mechanism due to the interference effect. It can be expected that the detectable magnitude of nLFV effects is induced. We make the numerical calculations of the size of the nLFV couplings and show the correlation between the nLFV and the cLFV.
In Sec. II, we recapitulate the model independent approach in the detection of nLFV effects at LBL neutrino oscillation experiments. We also show the way to parameterize the nLFV interactions. In Sec. III, we calculate these nLFV couplings in the MSSMRN and numerically evaluate the size of them under the universal soft SUSY breaking scenario, so-called the constrained MSSMRN. Here, we concentrate our attention on the nLFV interactions which are relevant in the oscillation channel ν µ → ν τ . Finally, in Sec. IV we will give a summary. In Appendix A, we describe the model in order to make our notation clear, and in Appendix B we give formulae of the nLFV interactions.
II. NLFV INTERACTION IN NEUTRINO OSCILLATION
In this section, we explain how to parameterize the new physics effect with the model independent way [26] . First, we note that in neutrino oscillation experiments we do not observe neutrinos themselves but do their products, corresponding charged leptons. Propagating neutrinos appear only in intermediate states. Therefore, the existence of the nLFV interactions suggests that there are some amplitudes whose initial and final states are the same as those of the SO which means the neutrino oscillation with SM interactions.
1 The studies for the other models are done in e.g., Ref. [37] .
To make the argument clear, we show an example. When we assume ν µ → ν τ oscillation measurement at a neutrino factory experiment, all we can know are the facts, the decay of muons at a muon storage ring and the appearance of tau leptons in a detector which is located at a length L away from the source of the neutrino beam just after the time L/c, where c is speed of light. We interpret these events as the evidence of the SO, ν µ → ν τ . The amplitude for this process A SO can be expressed by the product of the amplitudes for the sub-processes;
where I (F ) denotes all the other particles than a muon (tau lepton) in the initial (final) state, which can be measured in principle. In this example, I is d (a down-type quark) in and d, indicate "at the source of the neutrino beam", "at the propagation process", and "at the detection process", respectively. Suppose that there is an effective four-Fermi nLFV interaction,
we have the same signal through the other process than Eq. (4);
The external particles in Eq. (6) are completely the same as those in Eq. (4) . Therefore, we can not distinguish the contributions from these two amplitudes. In quantum mechanics, we first sum up these amplitudes and next square the summation in order to obtain the transition rate. Therefore, an interference term arises between these two amplitudes for this process 3 :
The term of the SO, the first term of the right-hand side, gives the leading contribution, and it is described by using the muon decay width Γ (= |A s (µ − → ν µνe e − )| 2 ) and the 2 Precisely, it is one of the mass eigenstate of the neutrino [38] . 3 It is necessary to treat the neutrino as a wave packet [39] in the discussion on the coherence between these two amplitude. Here, we adopt usual treatment for the neutrino propagation, so that the neutrino propagation is described by the plane wave.
cross-section for the charged current interaction
where P νµ→ντ is the oscillation probability for ν µ → ν τ in the SO, which is defined as
The second term which represents the interference between the amplitude of the SO Eq. (4) and that including the nLFV interaction Eq. (6):
where G F is the Fermi constant. Note that the nLFV effect contributes to the oscillation probability not quadratically but linearly. Thus the effect can be enhanced and hence even if the nLFV coupling is small, it can contribute the oscillation probability significantly [26, 27, 28] .
We now turn to the parametrization of effective couplings for nLFV interactions. As we have already shown, the amplitude for the neutrino oscillation process can be divided into three pieces, A s , A p , and A d . First, we consider the decay process of parent particles,
A s . Since all final states must be the same, nLFV interactions with (V − A)(V − A) type are important for the neutrino factory experiment [26] . We can introduce the interference effect by treating the initial state of a propagating neutrino as the superposition of all flavor eigenstates. For the case of Eq. (5), we can take the initial neutrino state |ν as
where ǫ s µτ = λ/(2 √ 2G F ). It can be generalized to the case of an initial neutrino with any flavor by using the source state notation which is introduced in Ref. [22] as
We can include the total nLFV effect into the oscillation probability as
4 The matrix U s is not necessarily unitary.
with the propagation Hamiltonian for the SO H SO ;
where E ν is the neutrino energy,ā is the usual matter effect which is given as 2 √ 2G F n e E ν by using the electron number density n e , U MNS is the mixing matrix for the lepton sector, and
) is the mass squared difference for the solar (atmospheric) neutrino oscillation. Next, we consider the propagation process, A p . The nLFV interactions modify the Hamiltonian for neutrino propagation as [24] ,
where a αβ is the extra matter effect due to nLFV interactions, which is defined as a αβ =
where n p is the number density for the particle p. Assuming the matter which consists of the same number of electron, neutron and proton, we can reduce it to 
Note that to consider the magnitude of the matter effect, the type of the interaction is irrelevant since matter particles are at rest and hence the dependence on their chirality is averaged out [40] .
Then, we make a comment on nLFV interactions which affect a detection process, A d .
We can adopt a quite similar treatment to that at the source of the neutrino beam. In this article, we consider the case in which the nLFV interactions do not depend on the flavor of target-quark, which is almost the case for the so-called constrained MSSMRN. Therefore, we have the neutrino state for the detection process in the following form,
Finally, the transition probability including the whole nLFV effects is given as
where
III. NLFV INTERACTIONS IN THE MSSMRN
In this section, we evaluate the effective couplings for nLFV interactions in the MSSMRN.
The nLFV interactions are induced by the off-diagonal elements of the slepton mass matrix, which are similar to the cLFV interactions. We can naively estimate the size of the nLFV parameter ǫ s αβ from the diagram which is shown in Fig. 2 as [41] 
Here g 2 is the gauge coupling for SU(2) L and m S is the typical SUSY breaking scale. This
One of the diagrams which contribute to ǫ s βα .
relation means that there is a correlation between two processes, l − β → ν ανe e − and l β → l α γ.
We here concentrate our attention on the nLFV associated with the tau lepton because that in µ-e sector is strongly constrained by corresponding cLFV processes. The current experimental bound on the branching ratio of τ → µγ is 3.1 × 10 −7 at 90% confidence level [42] , and then this experimental bound constrains the nLFV coupling parameter ǫ For example, the effective Lagrangian relevant with the nLFV interactions which give potentially significant contribution to the oscillation ν µ → ν τ in a neutrino factory is given
These effective couplings arise from penguin-type diagrams and from box-type diagrams as shown in Appendix B. The calculation of box diagrams is straightforward. It is almost the same as that of cLFV processes, e.g., µ-e conversion [14] except for the fact that only the (V − A)(V − A) type interactions are taken into account in the calculation of ǫ s αβ and ǫ d αβ . However, it is necessary to make an attentive calculation for penguin-type diagrams. In general, while the neutral and electromagnetic currents corresponding to Fig. 1 take the following form,
the charged current corresponding to Fig. 2 is decomposed tō
Here, f denotes the charged lepton field l or the neutrino field ν, p is the momentum for the incoming particle, and q is that for the gauge boson. All the coefficients,
, and F, are the functions of q 2 . In the limit q 2 → 0, C and D for the electromagnetic current must vanish due to the gauge symmetry U(1) em . On the other hand, those for the neutral and the charged current do not vanish because the corresponding gauge symmetry SU(2) L is broken. In other words, the Lorentz structure of the nLFV interaction which is shown in Fig. 2 is different from that of the cLFV process l β → l α γ with a real photon emission. The former one is dominated by the vector exchange interaction (C ′ (0)), 5 while the latter is done by a di-pole type interaction (A(0) + B(0)γ 5 ). Therefore, they are definitely correlated each other but are not the same functions.
One example of the diagrams in which we have to take into account the off-shellness for the neutrino propagation. In the neutrino propagator which is pointed out by the oval, we must treat the neutrino as if it were a massless particle.
In the calculation of nLFV diagrams, we have to pay attention to the following two facts:
(i) we regard neutrinos as highly off-shell particle, and (ii) we must avoid counting one contribution twice. First, we explain the reason why neutrinos behave as highly off-shell particles, and hence it is necessary to treat that neutrinos are massless in diagrams for effective nLFV interactions. In Fig. 3 , from the viewpoint of the uncertainty principle, the condition for neutrino oscillation to occur is described as [43] 
where δx is the uncertainty of the position and the time in which neutrinos are produced,
is the uncertainty of the energy-momentum of the outgoing neutrino, and ∆m 2 is the neutrino mass squared difference corresponding to the LBL oscillation experiment. The inequality results from the fact that the neutrino production position must be determined much more accurately than the baseline length L. The fact that the neutrino oscillation 5 Since the effective four-Fermi couplings are induced by the exchange of the massive gauge bosons Z and W and q 2 is of O(m f ), essentially we can put q 2 = 0.
phenomena are observed in the LBL experiment requires that the equality at the most right-hand side should be satisfied. Thus, the uncertainty of the squared momentum must conform to the following relation
where (p − q) 2 denotes the average of (p − q) 2 . This inequation shows that the average of the neutrino momentum is much larger than its mass, and it follows from this that neutrinos are generally highly off-shell fields in oscillation experiments. This also means that all the diagrams for the nLFV interactions include the off-shell neutrino as external lines. In the exact meaning of the field theory, we do not have the method to calculate diagrams with offshell external legs. However, we can evaluate such diagrams by treating as if the neutrinos were massless. For the practical purpose, we make the following replacement which we refer as the off-shell prescription in calculations of the type of diagram shown in Fig. 3 ;
, (for usual on-shell particle case).
Next, we turn to the problem of the double counting and show the way to solve it. First, we note that we must calculate the process µ − + I → τ − + F with the method of the field theory, so that we must not calculate the nLFV effect for each stage because we cannot of Fig. 4 -(a) in ǫ s µτ . For this ambiguity, we adopt the way to divide the diagram into each stage so that epsilon parameters in each stage will disappear in the limit where m S → ∞ after using the off-shell prescription. The SU(2) L symmetry is recovered and then ǫ s,m,d µτ should disappear in the large SUSY scale limit. This is shown analytically. Note that each diagram gives rather large contribution and stays almost constant in the large SUSY scale limit. The cancellation among the diagrams is highly nontrivial. Therefore, by checking the cancellation among the diagrams, we can be confident about the legitimacy of our treatment for the internal neutrino lines.
B. Numerical Study
A numerical study to evaluate the epsilon parameters is necessary in order to make it clear whether our naive estimation Eq. (20) is correct. We here assume the universal soft SUSY breaking at M G and adopt the scenario of the radiative electroweak symmetry breaking [44] .
The detail of calculations is shown in Appendices. We scan the values for the soft SUSY breaking parameters m 0 and M 1/2 at the range of 100 -1,000 GeV, and also scan the elements of the neutrino Yukawa matrix. We here take the normal hierarchy for the neutrino mass take similar behavior. As expected from Eq. (20) , the nLFV parameters correlate with the branching ratio of the process τ → µγ. However, the size of the parameters is much smaller than that of the naive estimation. This fact can be understood by the cancellation among the diagrams which contribute to the nLFV interaction. In the SU(2) L symmetric limit, the diagrams for the penguin contribution to the nLFV interaction must cancel each other out because of the gauge symmetry. Since the diagrams for nLFV interactions are induced at the m S scale, in the limit where m S ≫ m Z , the SU(2) L symmetry is assumed to be recovered. Even in the case where m S ∼ O(100) GeV, the cancellation is rather significant. Thus, our naive estimation must be modified so that the additional suppression factor m Z /m S is introduced. It may be worth pointing out that the epsilon parameters do not strongly depend on the value of tan β unlike the branching ratio of the cLFV process.
This fact arises from the difference in the structure of the chirality in each process. The process τ → µγ is dominated by the diagrams including the left-right mixing of the slepton which is proportional to tan β. The nLFV processes do not pick up such the left-right mixing term because a chirality flip is not necessary. Therefore, nLFV search may be advantageous in the case where tan β is relatively small. We also note that it is obvious from Eq. (3) that both nLFV and cLFV are enhanced when a 0 takes a large value.
IV. SUMMARY
We summarize our study and give some discussions. It is known that magnitude of nLFV couplings can become large enough to be detected at future LBL experiments within modelindependent approach. We here considered the nLFV interactions in the MSSMRN under the universal soft SUSY breaking scenario which is one of the most promising candidates for the physics beyond the SM.
We find that in this scenario the nLFV couplings cannot be significant, and hence it is quite difficult to observe these effects at future oscillation experiments. The reason why they are strongly suppressed is that the SU(2) L gauge symmetry is approximately maintained. All the particles and the interactions which can generate nLFV interactions respect the SU(2) L symmetry in the limit m S → ∞. Although each diagram to contribute to nLFV interactions can become large, a brilliant cancellation among those diagrams occurs. Therefore, the penguin contributions are strongly suppressed.
We adopt the approximation for the calculation of penguin diagrams which is explained in Sec. III A. In order to confirm the validity of this approximation, we need to make the calculation for the process shown in Fig. 4 -(c) by using the method of the field theory.
However, the calculation which we adopt here must be reliable in the sense of the field theory because the consistencies, i.e., the recovery of SU(2) L gauge symmetry, are obviously maintained in our calculation.
Finally, we mention our future work. Since the decay process of a muon differs from that of a pion, we might expect that sizable new physics effect exists only in the decay of pion. Thus, it is necessary to investigate nLFV effects in the MSSMRN at superbeam experiments individually. Furthermore, because within the model independent approach, epsilon parameters can be still significant and there are lots of the other models than the constrained MSSMRN which can explain the neutrino masses and the lepton mixings, we need to examine such possibilities. We basically follow the notation which is adopted in Ref. [14] . However, we pay attention to the fact that the mixing matrices to diagonalize the mass matrices for sferimons, chargino and neutralino are complex matrices, in general.
The mass matrices for charged slepton, down-type squark and up-type squark are
Here, the indices α and β are for interaction eigenstates for thier superpartner fermion fields.
We take the basis where the mass matrix for the charged lepton field is diagonal, so that the index for chraged lepton indicates its interaction eigenstate and its mass eigenstate, simultaneously. The unitary matrix Uf is defined as
The relations between the mass eigenstates and the interaction eigenstates arẽ
The sneutrino mass term is also given as
where m ν is the neutrino mass matrix which is induced by the seesaw mechanism;
The unitary matrix Uν is defined as
The chargino mass term in the 2-spinor representation is
The diagonalization is done by unitary matrices U R and U L as
The relations between the interaction eigenstates and the mass eigenstates are
where a (ȧ) denotes index for the Lorentz spinor for 2 (2) under SL(2, C). We here adopt the same rule as that in Ref. [45] . The 4-spinors for mass eigenstates are constructed as
and then those for interaction eigenstates arẽ
The neutralino mass term in 2-spinor representation is
The unitary matrix U N is defined as
The relations between the interaction eigenstates and the mass eigenstates arẽ
Using this 2-spinorx 0 , the 4-Majorana spinor can be constructed as
The interaction eigenstates arẽ
The Lagrangian for gaugino-sfermion-fermion interactions is described as
where the coefficients are 
For ǫ s µτ
The effective coupling comprises two kinds of contribution; the one comes from the penguin-type diagram associated with W boson and the other is the box-type diagram:
The penguin-part is represented as
and each contribution which is shown in Fig. 6 is calculated to be
where the functions D, E, F and G are defined as
and O R , are given as [45] (
The box-part is represented as
and each contribution, which is shown in Fig. 7 , is calculated to be
where I 4 and J 4 are the functions which are given as
Diagrams which contribute to (ǫ s µτ ) W -penguin .
For ǫ m µτ
Since the matter of the Earth is the neutral for U(1) em , there is no contribution to ǫ m µτ from photon-penguin diagrams. The Z-penguin contribution associated with a proton and that with a neutron cancel each other out. The contributions which need to be taken into account are the Z-penguin contribution associated with an electron and the box contributions:
The penguin contribution consists of diagrams which are drawn in Fig. 8 ,
Each diagrams is calculated to be
s s ν e P P P P P P P P P P P P q e − (s-1)
s s ν e P P P P P P P P P P P P q e − (s-2)
e − P P P P P P P P P P P P iν e (s-3)
e − P P P P P P P P P P P P 
The couplings for the chargino-chargino-Z-boson and neutralino-neutralino-Z-boson are [45] (O ′L ) and (m-C) cancel each other out after the off-shell prescription (Eq. (26)).
Here, we take into account the procedure to resolve the double counting problem which is explained in Sec. III A.
The box contribution associated with the electron in the Earth's matter is
The box contribution associated with the down-quark in the matter of the Earth is 
where 
The penguin contribution can be represented as the complex conjugate of that for ǫ 
The box contribution is calculated to be
